Abstract The manufacturability of composite material microstructures designed by the homogenized topology optimization method has to be considered when bringing the design into reality. In this paper, numerical studies are conducted on multiphase material microstructures that have negative coefficients of thermal expansion, for the purpose of improving manufacturability. Realistic manufacturing factors are considered, including the diffusion interface between two constituent phases and vectorized toolpath design. The effect of the mixture interface between two solid phases is examined by homogenization analysis. An image-processing program is developed to smooth out the boundaries of the topological structure to facilitate toolpath design. Numerical results show that the diffusion interface between two solid material phases reduces the effective negative thermal expansion property of the whole microstructure. The designed material properties are retained and converge after boundary smoothing.
Introduction
Composite material microstructures created by the homogenized topology optimization design (HTOD) method (Fujii et al. 2001 ) are able to achieve unusual material properties, such as negative Poisson's ratios (Sigmund 1995) and negative coefficients of thermal expansion (Sigmund and Torquato 1997) . This type of material design, a departure from the conventional material selection methods with which performance is limited by the available materials, has drawn much attention in mechanical, environmental, and biomedical engineering applications. However, very little literature is available discussing the manufacturability of such designed material microstructures.
Solid freeform fabrication (SFF) techniques are able to make the design and fabrication of metallic parts faster and more cost efficient. Nowadays, the laser-facilitated SFF process, i.e. the direct metal deposition (DMD) technique (Mazumder et al. 1999) , is not only able to fabricate with fine resolution from pixel to pixel, but is also capable of fabricating multiple materials simultaneously. This advance opens the area of creating the new class of optimally designed material microstructures.
However, the manufacturability of optimally designed material microstructures has to be improved when bringing the design into reality. In homogenized topology optimization design, the output topological microstructure is represented by an element-based image. In order to save computing time, designed material microstructures are usually optimized by discretizing the design domain with coarse finite elements. Therefore, the structure, which is composed of square elements, may lose some detailed geometrical information due to the zigzag mosaic effect. From a manufacturing perspective, this discretized topology information needs to be converted into vectorized toolpath information that can be ultimately downloaded to a CNC system. In order to enhance the fabrication resolution, the boundaries of the microstructure have to be smoothed by a curve-fitting technique. In this way, the element-based image can be converted into a vectorized image in which the regions of different material phases are enclosed by vectorized curves. Such a file can be imported into CAD software for toolpath generation. Then the toolpath design is adjusted based on the optimized SFF processing parameters from statistic-based experiments.
Previous research work conducted in the Department of Mechanical Engineering at the University of Michigan has combined the two state-of-the-art technologies successfully, namely the DMD technique and the HTOD material design methodology. An optimally designed material microstructure that has a negative coefficient of thermal expansion (NCTE) material property was manufactured by the direct metal deposition technique (Mazumder et al. 2000) . Nickel and chromium were selected as the two constituent materials for the NCTE microstructure. The NCTE sample exhibited a contraction behavior when tested under a rising temperature up to 100
• C. The DMD process, like other prototyping processes that use a concentrated heat source to melt deposited materials, may inevitably introduce a mixture phase between two deposited materials. This mixture phase is obviously not desired for the design. However, manufacturing problems such as bimetallic interface porosities and cracks occurred in the aforementioned NCTE sample as a result of trying to avoid such mixture interfaces. Imperfect metallurgical bonding could result in deviations from the expected material properties. Since metallic materials are not likely to bond without metallurgical diffusion using most manufacturing methods, the HTOD method has to be able to take into account the interface effect in the optimal design stage.
In this paper, examples of multiphase material microstructures designed by the homogenized topology optimization method are studied for improvements in manufacturability. Homogenization analysis is performed on the interface-incorporating NCTE structures to investigate the interface effect. An image-processing program is developed to smooth out the boundaries of the topological microstructure.
Designed material microstructure
Two-dimensional NCTE microstructures designed by the HTOD method were adopted in this study. In both examples, the thermal elasticity properties were engineered by three material phases, i.e. two solid phases and one void phase. The first solid phase material had a Young's modulus of E 1 = 1.0, a Poisson's ratio of ν 1 = 0.3, and a coefficient of thermal expansion of α 1 = 1.0, whereas the second solid phase had the same Young's modulus of E 2 = 1.0 and Poisson's ratio of ν 2 = 0.3, but a different coefficient of thermal expansion of α 2 = 10.0. The third phase was a void material with a very small Young's modulus of 10 −4 in order to avoid the singular matrix condition when solving the system equations. The artificial material mixture method (Bendsøe 1989) was used to distribute the three constituent material phases, i.e.,
where C (e) is an elementary material property, e.g. the elasticity or thermal stress, m (e) and d (e) are elementary design variables representing the mixture fraction of the two solid phases and the density fraction of the solid and void phases, respectively, and p is a penalization factor.
The optimal material microstructure was designed to have the effective material property of a negative coefficient of thermal expansion. The unit cell was considered as isotropic with a square-symmetry density distribution. Under the plane stress assumption, the target material properties of the first example were α 11 = −6.0 and α 22 = −6.0, subject to volume constraints of V 1 = 30% and V 2 = 30%. The optimization problem formulation can be stated as
s.t. there is a 30% volume constraint for each solid phase, and square symmetry.
The optimized microstructure in a base cell and the composite materials composed of a 3 × 3 array of the base cells are shown in Fig. 1 , in which the area of dark color represents solid phase one and the area of light color represents solid phase two. The effective properties were 
